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Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD) 
is a liver disorder characterized by the accumulation of fat in the 
liver without significant alcoholic intake, and its prevalence is 
estimated to be around 25% (1). MASLD includes a range of liv-
er conditions from simple steatosis to a more aggressive form of 
MASLD, known as metabolic dysfunction–associated steatotic 
hepatitis (MASH). MASH occurs in approximately 20% of patients 
with MASLD and is characterized by steatosis, persistent inflam-
mation, liver damage, and fibrosis (2, 3). MASH increases the risk 
for liver cirrhosis and hepatocellular carcinoma (HCC) and is also 
associated with prevalence and incidence of cardiovascular dis-
ease, chronic kidney disease, and type 2 diabetes (1, 4). Despite 
intense clinical trials, currently there are no effective therapies for 
MASH (5), since the cellular and molecular mechanisms underly-
ing MASH progression are not fully understood.

The liver contains diverse innate and adaptive immune cells 
within its tissue microenvironment. Innate immune response has 
been considered critical for MASH development, acting by trig-
gering and propagating liver inflammation (6). Single-cell RNA 

sequencing (scRNA-Seq) studies have revealed the transcriptomic 
landscape of hepatic macrophages and identified the key mole-
cules associated with MASH pathology (7–9). However, it has also 
recently emerged that T lymphocyte–mediated adaptive immunity 
regulates liver homeostasis in MASH (10, 11). For instance, MASH 
leads to an accumulation of CXCR6+ CD8 T cells, which promote 
MASH pathology and development of MASH-induced HCC (12, 
13). MASLD causes a selective loss of hepatic CD4+ T cells, resulting 
in accelerated hepatocarcinogenesis (14). Meanwhile, the roles of 
CD4+ T helper cell subsets, such as IFN-γ–producing Th1 and IL-17–
producing Th17, have also been shown to be involved in MASH (10). 
Tregs, which are indispensable for immune system homeostasis, 
acting by suppressing effector T cell response, were decreased in 
MASLD mice, and adaptive transfer of Tregs attenuated liver inflam-
mation when the mice were challenged by lipopolysaccharide (15). 
Another study demonstrated that Tregs were selectively increased 
and depletion of Tregs led to inhibition of HCC initiation (16). Con-
versely, transfer of Tregs into MASH-induced BALB/c Rag1–/– mice 
worsened liver inflammation (17). Thus, the current understanding 
of how Tregs affect MASH pathology remains elusive. Additionally, 
although transcriptionally and functionally distinct Treg subpopu-
lations from these counterparts in lymphoid organ, known as tissue 
Tregs, have been identified (18), it is largely unknown whether such 
cells could control MASH development.

The Nr4a family comprises Nr4a1, Nr4a2, and Nr4a3, which 
are nuclear orphan receptor–type transcription factors. We previ-
ously reported that the Nr4a family is essential for the induction of 
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medium. As a result, we found higher Nr4a3 expression levels in 
CD4+ T cells cultured in MCD medium compared with normal 
RPMI (Figure 1D). Altogether, these data show that the Nr4a fami-
ly is upregulated in T cells during MASH progression.

T cell–specific loss of Nr4a1 and Nr4a2 alleviates MASH develop-
ment in mice. Given the significant upregulation of the Nr4a family 
in T cells with MASH, we postulated that the Nr4a family in T cells 
might impact MASH pathogenesis. To address this, we generated 
T cell–specific Nr4a1- and Nr4a2-deficient mice (Nr4a1fl/flNr4a2fl/

flCd4Cre mice, referred to hereafter as dKO mice). Unlike mice 
lacking Nr4a1, Nr4a2, and Nr4a3 (20), dKO mice exhibited normal 
percentages of naive and effector/memory CD4+ and CD8+ T cells 
in the spleen at steady state, suggesting restored T cell homeosta-
sis in dKO mice (Supplemental Figure 2, A and B). Then WT and 
dKO mice were fed CD for 8 weeks to induce MASH. Body weight 
changes and liver–to–body weight ratios were similar between WT 
and dKO mice (Figure 2, A and B, and Supplemental Figure 2C). 
However, dKO mice exhibited lower levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) in the serum 
compared with WT mice (Figure 2C), indicating that attenuated 
liver damage was caused by steatohepatitis in dKO mice. Consis-
tently, dKO mice showed elevated levels of serum total cholester-
ol that include both HDL and LDL cholesterol, although albumin 
levels remained unchanged (Figure 2D). Furthermore, serum bile 
acid and bilirubin levels were lower in dKO mice, with a notable 
reduction in direct bilirubin, implying restricted bile duct obstruc-
tion during MASH progression (Figure 2, E and F). TUNEL staining 
demonstrated decreased liver cell death in dKO mice (Figure 2G). 
These results suggest that Nr4a1/2 in T cells promotes liver dam-
age, leading to impaired liver function with MASH. However, lipid 
deposition in the liver, as shown by oil red O staining, was compara-
ble between WT and dKO mice on CD (Figure 2H). Both groups of 
mice showed similar expression levels of lipid metabolism–related 
genes such as Srebf1 (fatty acid biosynthesis) and Ldlr (lipid uptake) 
in the liver (Supplemental Figure 2D). However, liver fibrosis as 
assessed by Sirius red or Masson-trichrome staining was reduced 
in dKO mice (Figure 2I and Supplemental Figure 2E). α-Smooth 
muscle actin (α-SMA) expression was also downregulated in dKO 
mice (Supplemental Figure 2F). In line with the attenuated fibrosis, 
the expression of fibrosis marker genes was downregulated in the 
liver of dKO mice (Figure 2J). Collectively, these data suggest that 
the Nr4a family in hepatic T cells contributes to MASH develop-
ment, partly through the promotion of liver fibrosis.

dKO reduces infiltrated macrophages in the liver. To explore the 
cellular mechanisms by which Nr4a1/2 loss in T cells alleviates 
MASH, we performed flow cytometry analysis of intrahepatic 
immune cell populations (Supplemental Figure 3A). Frequencies 
of B cell and T cell populations were reduced in WT mice on CD 
compared with standard diet (SD), whereas T cell populations 
were elevated in dKO mice upon MASH induction (Figure 3A and 
Supplemental Figure 3, B and C). Notably, increased T cells in 
dKO mice were primarily due to expansion of CD8+ T cells, but 
not CD4+ T cells (Figure 3B and Supplemental Figure 3, D and 
E). In addition, the percentages of hepatic CD3–NK1.1+ NK cells 
were reduced in MASH dKO mice, while CD3intNK1.1+ NKT cells 
remained comparable between WT and dKO mice fed CD (Figure 
3C and Supplemental Figure 3, F and G). Hepatic macrophages are 

Tregs in the thymus and also involved in the maintenance of Tregs 
in the periphery (19, 20). Interestingly, hepatic mRNA expression 
of Nr4a was shown to be elevated in diabetic mice, and adenoviral 
expression of Nr4a1 increased blood glucose levels via promoting 
gluconeogenesis (21).

Given the aforementioned studies, we aimed to elucidate the 
impact of hepatic Tregs in MASH and whether Nr4a family reg-
ulates T cell–mediated tissue homeostasis during MASH. In this 
study, we found an upregulation of Nr4a family expression in 
hepatic T cells during MASH progression. Mice lacking all Nr4a 
(Nr4a1, Nr4a2, and Nr4a3) showed severe reduction of thymic 
and peripheral Tregs (20). However, unexpectedly, specific loss of 
Nr4a1 and Nr4a2 in T cells in mice (dKO mice) ameliorated MASH 
pathology and Tregs were accumulated in the liver. Integrated 
transcriptome and TCR clonotype data revealed that hepatic Tregs 
lacking Nr4a1 and Nr4a2 exhibited strongly immunosuppres-
sive phenotypes and underwent clonal expansion during MASH, 
accompanied with strong upregulation of Nr4a3. Furthermore, 
we identified target gene basic leucine zipper ATF-like transcrip-
tion factor (Batf), whose expression was increased in Nr4a1- and 
Nr4a2-deficient Tregs and found that it regulated Treg prolifera-
tion and function. Batf has been shown to play an important role 
in Treg residency in nonlymphoid tissues (22). Together, our find-
ings suggest the protective function of hepatic Tregs during liver 
inflammation and highlight the role of the Nr4a-Batf circuit in 
regulating Treg expansion.

Results
Expression of the Nr4a family is upregulated in hepatic T cells from 
MASH mice. To investigate the function of the Nr4a family in 
T cells during MASH progression, we subjected mice to a cho-
line-deficient, high-fat diet consisting of 60 kcal% fat and 0.1% 
methionine (CD) for 8 weeks (23). After 8 weeks of CD feeding, 
we observed liver steatosis and fibrosis, which are characteris-
tics of MASH (Supplemental Figure 1, A–C; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI175305DS1). Subsequently, we investigated the mRNA expres-
sion levels of the Nr4a family in hepatic T cells from mice fed 
CD for 12 weeks to further progress MASH development. Gene 
expression of Nr4a1, Nr4a2, and Nr4a3 was significantly upregu-
lated in hepatic CD4+ and CD8+ T cells from MASH mice (Figure 1, 
A and B). To further determine whether MASH induces Nr4a fam-
ily expression, we cultured naive CD4+ T cells with substitution of 
RPMI medium deficient in methionine and choline (MCD medi-
um) mimicking the in vivo CD-induced MASH model, and ana-
lyzed the kinetics of Nr4a family gene expression. In normal RPMI 
medium, Nr4a family transcription was rapidly upregulated with-
in 1 hour, and declined by 6 hours after stimulation, as previously 
described (19). While no significant difference in the induction of 
Nr4a family mRNA was observed between CD4+ T cells cultured 
in normal RPMI and MCD medium at 1 hour, sustained transcrip-
tion of the Nr4a family was evident in CD4+ T cells cultured in 
MCD medium, persisting even at 16 hours after stimulation (Fig-
ure 1C). Finally, we directly assessed whether protein levels of the 
Nr4a family were increased in MCD medium. We isolated naive 
CD4+ T cells from transgenic mice expressing GFP from the Nr4a3 
locus and cultured these cells for 3 days in either normal or MCD 
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matory macrophages (25,) was downregulated in macrophages 
from dKO mice. On the other hand, both Arg1 and Nos2 expres-
sion were augmented in macrophages from dKO mice (Figure 
3F), suggesting an immunosuppressive rather than inflammatory 
phenotype (26–28). Collectively, these data demonstrate that loss 
of the Nr4a family in T cells leads to increased CD8+ T cells and 
reduction of infiltrated inflammatory macrophages during MASH.

dKO mice contain more intrahepatic Tregs in MASH. Next we 
investigated how the T cell Nr4a family impacts MASH develop-
ment. Despite the massive expansion of dKO CD8+ T cells in the 
context of MASH resistance observed in dKO mice, this seems 
to be somewhat contradictory, as previous studies demonstrat-
ed the involvement of hepatic CD8+ T cells in MASH pathology 
(12, 13). To clarify this, we determined whether CD8+ T cell Nr4a 
affected MASH progression using CD8+ T cell–specific Nr4a1- and 
Nr4a2-deficient mice (Cd8Cre dKO mice). However, histological 

shown to play an important role in chronic liver inflammation and 
fibrosis (24). We therefore examined the infiltrated macrophages 
(CD11bhiF4/80int) and liver-resident Kupffer cells (CD11bint-

F4/80hi). In response to CD, WT mice showed greater expansion 
of infiltrated macrophages, indicative of hepatic inflammation. 
While there was no significant difference between WT and dKO 
mice fed SD, frequency of infiltrated macrophages was reduced 
in dKO mice under MASH conditions (Figure 3D and Supplemen-
tal Figure 3H). The Kupffer cell population in dKO mice was on 
the same level with that of WT mice regardless of the presence 
or absence of MASH (Figure 3D). Further analysis demonstrat-
ed that inflammatory macrophages defined as CD11bhiF4/80int-

Ly-6chi were significantly decreased in dKO mice (Figure 3E). 
Then we isolated CD11b+ cells from the liver and assessed marker 
gene expression that is related to pro- or antiinflammatory mac-
rophages. Trem2, which is expressed on MASH-associated inflam-

Figure 1. MASH upregulates Nr4a family expression in 
hepatic T cells. (A and B) Male C57BL/6 mice were fed SD or 
CD for 12 weeks (n = 5 per group). mRNA expression of Nr4a1, 
Nr4a2, and Nr4a3 in hepatic CD4+ T cells (A) or hepatic CD8+ 
T cells (B). (C) mRNA expression of Nr4a1, Nr4a2, and Nr4a3 
in stimulated CD4+ T cells. Splenic naive CD4+ T cells were 
stimulated with α-CD3 and α-CD28 antibodies in normal 
RPMI (normal), or methionine and choline-deficient (MCD) 
medium for the indicated times (n = 4 per group). (D) Splenic 
naive CD4+ T cells from Nr4a3-EGFP reporter mice were stim-
ulated with α-CD3 and α-CD28 antibodies in normal RPMI or 
MCD medium for 3 days, and GFP expression was assessed 
by flow cytometry. Representative flow cytometry plots 
(left) and percentages (right) of GFPhi cells (n = 6 per group). 
Primers used for quantitative PCR are listed in Supplemen-
tal Table 1. Data are represented as means ± SEM. P values 
were calculated using unpaired 2-tailed Student’s t test or 
Mann-Whitney U test (A–D). *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001. 
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cells showing higher expression of Foxp3, Ikzf2, and Ctla4 com-
pared with WT CD4+ T cells (Figure 4G). We further performed 
gene set enrichment analysis (GSEA) and found that IL-2 STAT5 
signaling, which is essential for Treg differentiation, was upregu-
lated in dKO CD4+ T cells (Supplemental Figure 4H). In addition, 
genes upregulated in dKO CD4+ T cells were highly enriched for 
the Treg signature (29, 30) (Figure 4H). We next investigated 
whether these findings were recapitulated in the loss of Nr4a1 and 
Nr4a2 in T cells after induction of MASH. To this end, Nr4a1flfl/fl 

Nr4a2fl/flCd4Cre-ERT2 mice, which express tamoxifen-inducible 
Cre recombinase in T cells, were subjected to a 6-week CD, fol-
lowed by tamoxifen injection for 5 consecutive days and subse-
quent analysis after 6 weeks (Supplemental Figure 4I). Histological 
analysis demonstrated an attenuation of liver fibrosis in Nr4a1fl/fl 

Nr4a2fl/flCd4Cre-ERT2 mice (idKO mice) (Supplemental Figure 4J). 
In addition, flow cytometric analysis revealed a reduction of infil-
trated macrophages, and IL-17a–producing Th17 cells were found 
in the liver of idKO, mice whereas dKO Tregs were increased (Sup-
plemental Figure 4, K–N). Altogether, these data suggest that loss 
of the Nr4a family in T cells promotes hepatic Treg expansion in 
liver inflammation caused by metabolic stress, and Tregs might be 
implicated in the process of MASH development.

dKO Tregs are clonally expanded during MASH progression. To 
further dissect the cellular composition of hepatic CD4+ T cells in 
MASH, we performed combined scRNA and single-cell TCR (scT-
CR) sequencing of hepatic CD4+ T cells from WT and dKO mice 
fed CD. All data sets were aligned using 10X Genomics Cell Rang-
er pipelines, and clustering was performed using the Seurat pack-
age (31). After filtering the scRNA-Seq data, a total of 27,979 cells 
were visualized using a uniform manifold approximation and pro-
jection (UMAP) analysis and clustered into 8 distinct populations 
(Figure 5A). Cell identities for each cluster were annotated based 
on differential expression of canonical marker genes (Supplemen-
tal Figure 5A): The Th1/CTL cluster represented the largest popu-
lation and was heterogenous with Ifng and Nkg7 expression. Based 
on the expression of Foxp3 and Ikzf2, we identified 2 Treg clusters, 
Treg_Foxp3 and Treg_Helios. Tcm cluster, which had high expres-
sion of Cd44 and Cd69, represented central memory T cell char-
acteristics, while naive-like cluster showed the highest expression 
of Tcf7, S1p1r, and Ccr7. The cycling cluster had high expression 
of Mki67, which encodes a nuclear protein expressed in prolif-
erating cells. We identified Mixed_myeloid cluster showing the 
highest expression of representative myeloid cell marker genes 
Lyz2 and Apoe as previously reported in CD8+ T cell transcriptome 
analysis (32). Finally, a Th17 cell population that expresses Ccr6, 
Rorc, and Il23r was detected. In comparison between WT and 
dKO cells, 10,541 cells from WT and 17,438 cells from dKO mice 
were obtained. Spatial distribution of hepatic CD4+ T cells was not 
affected between WT and dKO CD4+ T cells, whereas dKO cells 
exhibited an increase in the frequencies of cells in Treg_Foxp3 
and Tcm clusters and reduction of the Th1/CTL cluster (Figure 
5B). These results further confirmed prominent expansion of dKO 
Tregs in the liver of MASH mice. Thus, we focused our attention 
on investigating the Treg population. We noticed that T cell immu-
noreceptor with Ig and ITIM domains (Tigit) and Ikzf2 expression 
were in sharp contrast between Treg_Foxp3 and Treg_Helios (Fig-
ure 5C and Supplemental Figure 5B). Moreover, monocle pseudo-

analysis revealed that Cd8Cre dKO mice and WT mice showed 
similar levels of CD-induced liver fibrosis (Supplemental Figure 4,  
A and B). Likewise, expression levels of fibrosis-related genes 
were comparable between the 2 groups (Supplemental Figure 4C). 
These data suggest that dKO CD8+ T cells may not contribute to 
the attenuated liver fibrosis phenotype observed in dKO mice. 
Consequently, we redirected our focus toward understanding the 
functions of the Nr4a family in hepatic CD4+ T cells. We first exam-
ined whether metabolic stress caused by CD affects CD4+ T cell 
differentiation. T helper cell master transcription factors, except 
Tbx21, were upregulated in hepatic CD4+ T cells from mice with 
MASH. Of note was the significant upregulation of Foxp3, which 
regulates the differentiation and function of Tregs, indicating the 
involvement of this population in MASH progression (Supplemen-
tal Figure 4D). Although no significant differences were observed 
with respect to total CD4+ T cell frequency and number between 
WT and dKO cells (Figure 3B and Supplemental Figure 3D), tis-
sue-resident memory (CD44hiCD62Llo/–CD69+) CD4+ T cells 
were increased in dKO cells in MASH (Figure 4A). While T helper 
2 (Th2) (CD4+IL4+) cell frequencies were similar in dKO CD4+ T 
cells compared with WT CD4+ T cells, Th1 (CD4+IFN-γ+) and Th17 
(CD4+IL17A+) cells were reduced (Figure 4, B–D). The remarkable 
change was that dKO hepatic CD4+ T cells showed increase of 
both frequency and cell number of Tregs (CD4+Foxp3+) in MASH 
(Figure 4E and Supplemental Figure 4E). In accordance with this, 
elevated IL-10–producing CD4+ T cells were found in MASH dKO 
mice (Figure 4F). Importantly, Treg populations in the spleen and 
cervical lymph node showed no significant differences between 
WT and dKO mice fed CD (Supplemental Figure 4F), suggesting 
that Treg expansion observed in dKO mice was specific to the liver 
tissue. To corroborate these findings, we sorted CD4+ T cells from 
liver with MASH and performed bulk RNA-Seq analysis. Based on 
a cut-off of a fold change greater than 1.5 and less than 0.5 with 
P < 0.05, we identified 560 significantly differentially expressed 
genes, of which 475 genes were upregulated and 85 genes were 
downregulated in dKO CD4+ T cells compared with WT CD4+ T 
cells (Supplemental Figure 4G). Transcriptional profiling of CD4+ 
T cells revealed a pronounced skew toward Tregs in dKO CD4+ T 

Figure 2. Loss of Nr4a1 and Nr4a2 in T cell alleviates MASH pathology. 
(A) Relative body weight changes of male WT and dKO mice fed CD for the 
indicated times (WT; n = 13, dKO; n = 14). (B) The ratio of liver weight to 
body weight of male WT and dKO mice fed CD for 8 weeks (WT; n = 8, dKO; 
n = 9). (C–F) Female WT and dKO mice were fed CD for 12 weeks (n = 8 per 
group). ALT and AST levels (C), total cholesterol, albumin levels (D), bile 
acid, total bilirubin (t-bilirubin) levels (E), direct bilirubin (d-bilirubin), indi-
rect bilirubin (i-bilirubin) levels (F) in the serum. (G–J) Male WT and dKO 
mice were fed CD for 8 weeks. (G) Representative liver sections stained 
TUNEL (green) and DAPI (blue). Original magnification, ×10. Scale bars: 
100 μm (left). Quantification of TUNEL-positive area (%) per field (right) 
(n = 3 per group). (H) Representative oil red O staining of liver sections 
from 2 independent experiments. Original magnification, ×10. Scale bars: 
100 μm. (I) Representative Sirius red staining of liver sections. Original 
magnification, ×10. Scale bars: 100 μm (left). Quantification of Sirius red 
staining area (%) per field (right) (n = 5 per group). (J) mRNA expression 
of fibrosis-related genes in liver tissue (WT; n = 6–7, dKO; n = 9). Data are 
represented as means ± SEM. P values were calculated using unpaired 
2-tailed Student’s t test or Mann-Whitney U test (B–G, I, and J). *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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time analysis demonstrated developmental trajectory from the 
Treg_Helios to the Treg_Foxp3 cluster (Supplemental Figure 5C), 
suggesting that the Treg_Foxp3 cluster contains more mature and 

activated Tregs. Interestingly, when we adaptively transferred 
naive CD4+ T cells into Rag2–/– mice, a minor but discernible popu-
lation of Tregs within transferred CD4+ T cells in the liver of both 

Figure 3. Hepatic immune cell composition from WT or dKO mice fed CD for 8 weeks. (A–D) WT and dKO mice were fed SD or CD for 8 weeks. (A) Repre-
sentative flow cytometry plots (left) and percentages (right) of B cells (CD45+B220+) and T cells (CD45+CD3e+) in the liver (n = 9 per group). (B) Representa-
tive flow cytometry plots (top) and percentages (bottom) of CD45+CD4+ T cells and CD45+CD8 T cells in the liver (n = 9 per group). (C) Representative flow 
cytometry plots (left) and percentages (right) of NK (CD45+CD3e–NK1.1+) cells and NKT (CD45+CD3e+NK1.1+) cells in the liver (n = 9 per group). (D) Represen-
tative flow cytometry plots (left) of macrophages (CD45+CD11bhiF4/80int) and Kupffer cells (CD45+CD11bintF4/80hi) and percentages (right) of macrophages 
in the liver (n = 9 per group). (E) Representative flow cytometry plots (top) and percentages (bottom) of CD45+CD11bhiF4/80intLy-6Chi macrophages in the 
liver from WT and dKO mice fed CD for 8 weeks (n = 5 per group). (F) mRNA expression of Trem2, Arg1, and Nos2 in hepatic CD11b+ cells from WT and dKO 
mice fed CD for 8 weeks (n = 5 per group). Data are represented as means ± SEM. P values were calculated using 1-way ANOVA or Kruskal-Wallis test (A–D) 
or unpaired 2-tailed Student’s t test (E and F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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SD- and CD-fed recipients was observed (Supplemental Figure 5, 
D and E). Notably, recipients fed with CD showed higher frequen-
cy of hepatic Tregs compared with those fed with SD (Supplemen-
tal Figure 5E). These data indicate that hepatic Tregs mainly orig-
inate from thymus as Foxp3+CD4+ T cells, while to a lesser extent, 
they also arise from the conversion of naive CD4+ T cells in the 
periphery (18). To gain detailed characterization of Treg popula-
tions, the Treg_Foxp3 cluster was divided into 2 subclusters (1_0 
and 1_1 cluster) by principal component analysis–based (PCA-
based) clustering. We identified clustered cells by their expres-
sion of canonical Treg marker genes. The 1_0 cluster had high 
expression of Tigit, Ctla4, Il10, and Fgl2, all of which were shown 
to be expressed on immunosuppressive Tregs (33). We found high 
expression of Areg, Il1rl1, and Ikzf2 in the 1_1 cluster and these 
genes are feature of Tregs that function in tissue repair upon mus-
cle injury (34). Interestingly, gene expression profiles between 
the 1_0 and 1_1 cluster were mutually exclusive, suggesting that 
hepatic Foxp3-expressing Tregs were heterogenous (Figure 5D). 
Less than 25% of the Treg_Foxp3 population was composed of 
the 1_0 cluster in WT cells, while dKO cells had twice as many as 
WT cells (Figure 5E), suggesting that dKO Tregs acquired great-
er immunosuppressive competence. Within the dKO Treg_Foxp3 
cluster, marked increases in Foxp3- and Il10-expressing cells were 
observed (Figure 5F). To further investigate this, we next recon-
structed the trajectory of 2 Treg clusters, Treg_Foxp3 and Treg_
Helios. Since the Treg_Helios cluster contained less mature Tregs, 
we designated this cluster as the root of pseudotime and analyzed 
transcriptional continuum of genes along with pseudotime. Foxp3 
expression was relatively low at the earlier stage, induced at the 
intermediate stage, then gradually dropped in WT cells. However, 
expression of Foxp3 in dKO cells was higher than in WT cells even 
at the start point and maintained over pseudotime. Klrg1 expres-
sion was inducible in both WT and dKO cells, while being sus-
tained in dKO cells. Expression levels of Tigit consistently stayed 
higher in dKO cells, whereas WT cells expressed Il10 at substan-
tially lower levels (Supplemental Figure 5F). These results from 
scRNA-Seq data were validated using flow cytometry analysis, 
revealing upregulation of cell-surface molecules highly expressed 
in the 1_0 cluster. (Figure 5G). Notably, frequencies of Tigit+ Tregs 
were similar between WT and dKO splenocytes from mice fed CD, 
suggesting local expansion of dKO Tregs in the liver during MASH 
(Supplemental Figure 5G). We next analyzed the TCR repertoire 
data obtained from scTCR sequencing data using scRepetoire 
(35). Although both WT and dKO CD4+ T cells exhibited largely 
low-frequency clonotypes, highly expanded clones were more 
prevalent in dKO cells (Supplemental Figure 5H). Consistent with 
this, reduction of clonal diversity as measured by 5 distinct metrics 
was observed in dKO T cells (Supplemental Figure 5I). These data 
suggest that loss of Nr4a1/2 in T cell promotes clonal expansion 
of hepatic CD4+ T cells during MASH development. We then ana-
lyzed clonotype sharing between WT and dKO cells. As a result, 
clonal expansion scatter plots showed individual expansions in 
most clonotypes (Supplemental Figure 5J). These finding demon-
strate a distinct clonal expansion pattern between WT and dKO 
CD4+ T cells in MASH. We next integrated scTCR-Seq data with 
scRNA-Seq data to trace the expanded clones. Expanded clones 
were identified in distinct clusters between WT and dKO cells; WT 

clones were distributed to the Th1/CTL cluster. On the other hand, 
dKO cells contained highly expanded clones, primarily within the 
Treg_Foxp3 cluster. It should be noted that these highly expand-
ed clones in dKO cells were mainly restricted to the 1_0 cluster 
(Figure 5H). Similar results were obtained from the top 3 clones in 
each group (Figure 5, I and J). Overall, these data suggest that loss 
of Nr4a1/2 in T cells promotes expansion of hepatic Tregs, partic-
ularly, that possess high potency for antiinflammation.

Nr4a1 and Nr4a2 inhibit Treg proliferation. To elucidate the 
mechanisms by which the Nr4a family controls Treg expan-
sion, we investigated Treg homeostasis in vitro. First, we sorted 
CD4+CD25hi Tregs from the spleen and cultured them for 5 days in 
the presence of IL-2, then analyzed Foxp3 stability. After cell sort-
ing, more than 95% of cells expressed Foxp3, and 5 days of culture 
resulted in reduction of Foxp3 expression. In this setting, there 
was no significant difference between WT and dKO Tregs (Figure 
6A and Supplemental Figure 6A). Similar results were obtained 
even after long-term culture (Supplemental Figure 6B). Notably, 
scRNA-Seq analysis revealed strong upregulation of Nr4a3 in dKO 
Tregs (Figure 6B). Together, these data indicate that Nr4a3 alone 
is sufficient to induce and maintain Foxp3 expression. We next 
asked whether the Nr4a family regulates Treg survival or prolifer-
ation. While the viability of Tregs was similar between 2 groups, as 
shown by annexin V staining, CellTrace Violet (CTV) assay demon-
strated promoted cell division in dKO Tregs (Figure 6, C and D), 
indicating that Nr4a1/2 limits Treg proliferation but not cell death. 
This was supported by acute deletion of Nr4a1 and Nr4a2 after 
exposure of Nr4a1- and Nr4a2-floxed, Cre-ERT2–expressing Tregs 
to 4-hydroxytamoxifen, which resulted in increased cell prolifer-
ation (Supplemental Figure 6C). Furthermore, we assessed the 
cell cycle distribution of Tregs with a DNA-labeling dye and found 
that more dKO Tregs were detected in the S and G2/M phase com-
pared with WT Tregs (Figure 6E). Consistent with this, we also 
found increased cycling cells in hepatic Treg population in MASH 
dKO mice (Supplemental Figure 6D). In contrast, Nr4a2 overex-
pression in Tregs led to a severe proliferation defect (Figure 6F). 
Finally, we investigated whether these observations were due to 
CD4+ T cell–intrinsic function of the Nr4a family in Treg prolifer-
ation. To address this, we used Rag2–/– mice lacking lymphocytes, 
fed them CD for 1 week, then adaptively transferred CD4+ T cells 
isolated from WT or dKO mice, followed by another 3 weeks of 
CD feeding (Figure 6G). As a result, frequency of Foxp3+ Tregs 
decreased in WT cells after transfer, while they were retained in 
dKO cells (Figure 6H). Taken together, these data suggest that 
Nr4a1/2 negatively regulates Treg proliferation in response to 
TCR stimulation, which may control MASH progression.

The Nr4a/Batf axis functions in Treg proliferation. To gain 
insight into the clonal expansion of dKO Tregs in MASH, we 
sought the downstream target genes of the Nr4a family in Tregs 
in our scRNA-Seq data. We noted that a transcription factor, basic 
leucine zipper ATF-like transcription factor (Batf), which has been 
shown to play a crucial role for Treg development in the tumor 
microenvironment (36), was expressed on the Tregs_Foxp3 cluster 
that was remarkably expanded in dKO cells (Supplemental Figure 
7A). We found that upregulated Batf expression was observed in 
the Tregs_Foxp3 cluster in dKO cells (Figure 7A). Trajectory anal-
ysis of the Treg_Foxp3 and Treg_Helios clusters revealed that Batf 
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eration of responder naive CD4+ T cells. To further examine the 
effects of Tregs, we crossed Foxp3eGFlP–CreERT2 mice with Nr4a1fl/fl 

Nr4a2fl/fl mice, allowing for the inducible deletion of Nr4a1 and 
Nr4a2 in Tregs. Prior to MASH induction, mice received intra-
peritoneal administration of tamoxifen for 5 consecutive days. 
Subsequently, mice were fed CD for 8 weeks, with tamoxifen 
given once every 2 weeks during this period (Figure 8B). In the 
results, Foxp3eGFlP–CreERT2 Nr4a1fl/flNr4a2fl/fl (iFoxp3dKO) mice 
showed attenuated liver fibrosis compared with Nr4a1fl/flNr4a2fl/fl  
mice (Figure 8C). Consistently, we found a reduction in mac-
rophages and IL-17a–producing cells, though not in IFN-γ–pro-
ducing cells in iFoxp3dKO mice (Figure 8, D and E, Supplemen-
tal Figure 8B). Unexpectedly, inducible deletion of Nr4a1 and 
Nr4a2 in Tregs resulted in a reduction of hepatic Tregs, despite 
the fact that iFoxp3dKO mice exhibited increased resistance to 
MASH (Figure 8F). These data suggest that dKO led to enhanced 
immunosuppressive functions in hepatic Tregs during MASH 
development. To further investigate these findings, we silenced 
Batf expression using shRNA in dKO Tregs. The results revealed 
that Batf-downregulated dKO cells produced less IL-10 com-
pared with control cells, indicating that the Nr4a/Batf axis plays 
a role in regulating suppressive function in Tregs (Figure 8G).

Discussion
MASH, which is a common clinical disease, is now a major cause 
of liver dysfunction and there is an urgent need to establish effec-
tive therapeutic strategies underpinned by complete understand-
ing of its pathogenesis. In the early stage of MASLD, hepatocytes 
stressed by steatosis release proinflammatory mediators and dam-
age-associated molecule patterns, which results in the secretion of 
proinflammatory cytokines and chemokines from hepatic mac-
rophages (11). Given that excessive liver inflammation is widely 
recognized to be correlated with MASH progression and fibrosis 
development (2), we investigated how inflammatory responses 
during MASH are regulated by liver immune cells, particularly 
focusing on hepatic CD4+ T cells.

In recent years, unique populations of Tregs in nonlymphoid 
tissues such as visceral adipose tissue, skeletal muscle, and skin 
have been identified as important regulators for tissue homeosta-
sis (18). However, the precise cellular mechanisms by which Tregs 
regulate inflammatory response in the liver is uncertain. The liver 
is a heterogeneous organ composed of hepatocytes in addition to 
diverse nonparenchymal cells, including endothelial cells, macro-
phages, T cells, B cells, and hepatic stellate cells. Recent advanced 
transcriptome analysis delineated the landscape of intracellular 
crosstalk in healthy and MASH liver (9, 37). We found that dKO 
mice contained less hepatic Ly-6C+ macrophages, which are cru-
cial for inflammatory response and fibrosis (24, 38). Furthermore, 
hepatic CD11b+ cells in dKO mice displayed elevated expression 
of Arg1 and Nos2, both known to be associated with tolerogenic 
characteristics (28). Meanwhile, the marker gene of MASH-asso-
ciated M1 macrophages, Trem2, was highly expressed in CD11b+ 
cells from WT mice (7, 25). These data indicate that Tregs may 
directly or indirectly regulate macrophage polarization, shifting 
them from proinflammatory to antiinflammatory phenotypes. 
This notion is supported by a previous study, suggesting that Tregs 
in muscle tissue reduce CD11b+Ly-6chi myeloid cells that infiltrate 

transcription in dKO cells was strongly induced and maintained 
at high levels even in the later stage of pseudotime (Supplemen-
tal Figure 7B). In contrast, enforced Nr4a2 expression in CD4+ T 
cells suppressed Batf gene expression (Supplemental Figure 7C). 
Using flow cytometry analysis, we validated whether the Nr4a 
family regulates Batf expression in Tregs at protein levels upon 
activation. We stimulated CD4+ T cells with plate-coated α-CD3 
antibody and observed that Batf protein was induced at 6 hours 
after stimulation in WT Foxp3+ Tregs, while dKO Tregs exhibited 
marked earlier and higher induction of Batf (Figure 7B). Similar 
results were also obtained when dKO cells were costimulated with 
α-CD3 and α-CD28 antibodies (Supplemental Figure 7D). Consis-
tently, transduction of Nr4a2 into Tregs resulted in suppression of 
Batf expression upon stimulation (Figure 7C). We further exam-
ined whether the Nr4a family regulates Treg expansion via target-
ing Batf. We constructed vectors expressing shRNA against Batf 
and found that knockdown of Batf led to a proliferation defect in 
Tregs (Figure 7D and Supplemental Figure 7E). Conversely, over-
expression of Batf in Tregs significantly decreased undivided cells 
(Figure 7E). Finally, we observed that silencing of Batf expression 
substantially reduced dividing cells in dKO Tregs (Figure 7F). 
Combined together, these findings suggest that Nr4a1/2 negative-
ly regulates Treg proliferation through suppressing Batf expres-
sion upon cell activation.

Loss of Nr4a1 and Nr4a2 in T cells leads to enhanced suppressive 
function in Tregs. Our scRNA-Seq data revealed that the frequen-
cy of Ki-67 expressing cells decreased, whereas immunosup-
pressive subcluster, characterized by high expression of Il10 and 
Ctla4, increased in dKO cells (Figure 5, B and E). Expanded dKO 
Tregs in the MASH liver exhibited lower percentages of Ki-67+ 
cells compared with WT Tregs (Supplemental Figure 8A). There-
fore, we next investigated whether Nr4a1 and Nr4a2 deficiency 
in T cell impacts the effector functions of Tregs. We isolated 
hepatic Tregs from MASH mice by sorting CD4+CD25+Tigit+ and 
performed coculture suppression assay. As shown in Figure 8A, 
dKO hepatic Tregs showed higher ability to suppress the prolif-

Figure 4. Loss of Nr4a1 and Nr4a2 in T cells promotes hepatic Treg 
accumulation in MASH. (A–D) WT and dKO mice were fed CD for 8 
weeks. (A) Representative flow cytometry plots (top) and percentages 
(bottom) of CD44+CD62L–/loCD69+ cells gated on hepatic CD45+CD4+ cells 
(n = 9 per group). (B–D) Representative flow cytometry plots (left) and 
percentages (right) of IFN-γ+ (B), IL-4+ (C), and IL-17a+ (D) cells gated on 
CD45+CD4+ cells in the liver (n = 7 per group). The cells were stimulated 
with phorbol 12-myristate 13-acetate (PMA) and ionomycin for 5 hours 
in the presence of Golgi plug before staining indicated cytokines. (E) WT 
and dKO mice were fed SD or CD for 8 weeks (n = 9 per group). Represen-
tative flow cytometry plots (left) and percentages (right) of Foxp3+ cells 
gated on CD45+CD4+ cells in the liver. (F) WT and dKO mice were fed CD 
for 8 weeks (n = 6 per group). Representative flow cytometry plots (top) 
and percentages (bottom) of IL-10+ cells gated on CD45+CD4+ cells in the 
liver. The cells were stimulated and stained as in B–D. (G and H) RNA-
Seq was performed using hepatic CD4+ T cells sorted from WT and dKO 
mice fed CD for 8 weeks (n = 3 per group). (G) Heatmap of Treg-related 
genes expressed between WT and dKO hepatic CD4+ T cells. (H) GSEA of 
previously published Tregs features enrichment in WT and dKO hepatic 
CD4+ T cells. P values were calculated using unpaired 2-tailed Student’s 
t test or Mann-Whitney U test (A–D and F) or 1-way ANOVA (E). *P < 
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Tigit, and Ctla4, whereas the other was marked by the expres-
sion of Areg and Il1rl1, which are characteristics of tissue repair. 
TIGIT+ Tregs represented in the immunosuppressive population 
were previously characterized as Tregs endowed with specific 
suppressor activities for Th1 and Th17 cell response (33).Nota-
bly, frequency of this subpopulation was more prominent in 
dKO cells than WT cells, further supporting the notion that dKO 
Tregs acquire enhanced effector functions and exert dampening 
effect on local inflammation, provably suppressing Th1/Th17 
responses within MASH liver.

A recent advance in single-cell transcriptome enables simul-
taneous analysis of transcriptome and clonotype information 
by integration of scTCR-Seq with scRNA-Seq. This innovative 
approach is useful to dissect the clonal expansion dynamics of 
T cells and track the differentiation trajectory of the clones (32, 
46, 47). Our findings indicate that dKO CD4+ T cells exhibited 
higher levels of clonal expansion compared with WT CD4+ T 
cells. Additionally, a substantial portion of this clonal expansion 
was correlated with the subcluster displaying Tigit expression 
in the Treg_Foxp3 cluster, further supporting the ameliorated 
liver inflammation in dKO mice. Future studies will be needed 
to investigate the antiinflammatory effect of these TCR reper-
toires during MASH progression. Although a small fraction of 
the dKO clones that highly expanded in the Tregs_Foxp3 cluster 
was also identified in different clusters such as the Tcm cluster, it 
remains uncertain whether these expanded Tregs were derived 
from small populations in another cluster or directly recruited 
from lymphoid organs in response to local inflammation. On the 
other hand, WT cells showed a relatively higher diversity of clo-
notypes compared with dKO cells and expanded clonotypes did 
not mostly overlap with those in dKO cells. Moreover, expanded 
clonotypes of WT cells were predominantly associated with the 
Th1/CTL cluster that had high Ifng expression. Thus, expand-
ed CD4+ T cells between WT and dKO cells did not share the 
common TCR repertoire and could be distinguished as distinct 
subsets. One can speculate that the expanded clonotypes within 
the Treg_Foxp3 cluster might selectively target the clones dis-
tributed to the Th1/CTL cluster, and the balance among those 
clonotypes could be potentially associated with severity of liver 
inflammation and MASH.

We observed that dKO Tregs underwent local expansion in 
inflamed tissue, with no such expansion observed in the spleen 
and cervical lymph node. This phenomenon was recapitulated in 
the liver of Rag2–/– recipients with MASH adaptively transferred 
dKO CD4+ T cells, indicative of CD4+ T cell–intrinsic mecha-
nisms. Surprisingly, similar local expansion in dKO Tregs was not 
seen in the liver of iFoxp3dKO mice, despite observed reduced 
liver fibrosis. One plausible speculation is that Nr4a1 and Nr4a2 
deficiency in Tregs initially promotes cell proliferation due to 
heightened responsiveness to TCR stimulation. Subsequently, 
this enhances the suppressive capability, eventually leading to a 
self-limiting proliferation by Tregs themselves. Supporting this 
hypothesis, hepatic dKO Tregs showed lower Ki-67 expression 
and heightened suppressive activity in vitro. Therefore, it is con-
ceivable that conventional T cells also contribute to adaptation 
and local accumulation of the Tregs pool in the MASH liver. Our 
data imply the underlying mechanisms governing the population 

damaged tissue (34). Alternatively, IL-10–producing Tregs may 
enhance macrophage function, particularly in terms of apoptotic 
cell engraftment during resolution of inflammation (39).

We also found a decrease of the hepatic Th17 subset in dKO 
mice. In both humans and mice with MASH, increased frequen-
cies of hepatic Th17 cells were observed and the Th17/Treg ratio 
was higher in patients with MASH than MASLD (40). Inflamma-
tory hepatic CXCR3+ Th17 cells have been identified as the driver 
for MASH development (41), while lacking Il17 in mice attenu-
ated hepatic inflammation (41–43). Thus, it is also plausible that 
expanded Tregs in dKO mice may selectively suppress proinflam-
matory Th17 cell response.

In this study, we conducted scRNA-Seq analysis of hepat-
ic CD4+ T cells in the MASH mouse. This approach provides 
insights into the spectrum of heterogeneity among CD4+ T cells 
during MASH progression. Two distinct clusters, Treg_Foxp3 
and Treg_Helios, were identified as Treg subsets based on their 
high expression of Foxp3. The Treg_Helios cluster characterized 
with high expression of Bach2 and Satb1 and low expression of 
Id2 appeared to represent the resting Tregs subset (44). Consid-
ering the higher expression of Ikzf2 and Nrp1 in Treg clusters, 
hepatic Tregs were likely derived from thymus rather than being 
converted from Foxp3–CD4+ T cells in the periphery (18). How-
ever, we observed minor Foxp3+ T cells within transferred naive 
CD4+ T cells in the liver of RAG2–/– mice, suggesting a potential 
origin from Foxp3–CD4+ T cells through peripheral conversion. 
While the origin of hepatic Tregs remains elusive, our data sug-
gest that there are distinct mechanisms governing their devel-
opment to regulate liver homeostasis. In our trajectory analysis, 
hepatic Treg clusters showed developmental connectivity illus-
trating the directional flow from the Treg_Helios to Treg_Foxp3 
cluster. Indeed, the Treg_Foxp3 cluster had high expression 
of genes related to suppressive function of Tregs, such as Tig-
it, Ctla4, and Il10, indicative of mature Tregs phenotype (45). 
Further subclustering of the Treg_Foxp3 cluster revealed 2 dis-
tinct subpopulations. One of these subclusters represented an 
immunosuppressive population that had expression of Il10, 

Figure 5. scRNA-Seq coupled with scTCR-Seq analysis identifies clon-
ally expanded hepatic dKO Tregs in MASH. (A) UMAP presentation of 
identified cell populations of hepatic CD4+ T cells of male WT and dKO 
mice fed CD for 8 weeks (n = 2 per group). (B) UMAP presentation (left) 
and frequencies (right) of cells in each cluster from WT and dKO hepatic 
CD4+ T cells. (C) Dot plot showing expression of indicated genes between 
Treg_Foxp3 and Treg_Helios clusters. (D) Dot plot showing expression 
of indicated genes between subclusters (left). UMAP presentation of 2 
subclusters within Treg_Foxp3 cluster (right). (E) UMAP presentation of 
2 subclusters within Treg_Foxp3 cluster (top) and frequencies of cells in 
each subcluster from WT and dKO hepatic CD4+ T cells (bottom). (F) UMAP 
presentation showing expression levels of Foxp3 (top) and Il10 (bottom) 
in Treg_Foxp3 cluster of WT and dKO hepatic CD4+ T cells. (G) Percentages 
of Tigit+, Icos+, CD103+, and Klrg1+ cells gated on hepatic CD45+CD4+Foxp3+ 
cells from WT and dKO mice fed CD for 8 weeks (n = 6 per group). (H and 
I) Spatial distribution of expanded clonotypes (H) and top 3 clonotypes 
expanded (I) in WT and dKO hepatic CD4+ T cells from mice fed CD for 8 
weeks. (J) Violin plot of gene expression of Foxp3 (top) and Ifng (bottom) in 
top 3 clonotypes expanded from WT and dKO hepatic CD4+ T cells in MASH 
mice. P values were calculated using unpaired 2-tailed Student’s t test or 
Mann-Whitney U test (G). *P < 0.05; **P < 0.01.
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Figure 6. Loss of Nr4a1 and Nr4a2 in T 
cells promotes Treg proliferation. (A) 
Percentages of Foxp3-expressing cells in 
sorted splenic CD4+CD25+ Tregs (day 0) and 
cultured cells for 5 days (day 5) (n = 5 per 
group). (B) UMAP presentation showing 
Nr4a3 expression within Treg_Foxp3 
cluster in WT and dKO hepatic CD4+ T 
cells from mice fed CD for 8 weeks. (C) 
Percentages of Annexin V+ WT and dKO 
splenic Tregs cultured after 3 days (n = 3 
per group). (D) Representative CTV inten-
sity histograms (left) and percentages of 
CTVlo (middle) and CTVhi (right) cells in WT 
and dKO splenic Tregs. Sorted Tregs were 
labeled and cultured for 3 days (n = 6 per 
group). (E) Representative flow cytometry 
analysis of cell cycle distribution (left) and 
quantification (right) in cultured WT and 
dKO splenic Tregs. After 3 days, cultured 
cells were labeled with Vybrant DyeCycle 
violet (n = 4 per group) and analyzed. (F) 
Representative CTV intensity histograms 
(left) and percentages of CTVlo (middle) 
and CTVhi (right) cells in splenic Tregs 
transduced with an empty vector or a vec-
tor encoding Nr4a2. Sorted Tregs were ret-
rovirally transduced, rested, labeled with 
CTV, and then restimulated with α-CD3 
and α-CD28 antibodies for 3 days. The 
cells were gated on GFP+CD4+ cells (n = 6 
per group). (G) Schematic representation 
of adaptive transfer of WT and dKO splen-
ic CD4+ T cells into MASH-induced Rag2–/– 
mice. (H) The ratio of hepatic CD4+Foxp3+ 
cell frequencies (post) from recipient mice 
fed CD to splenic CD4+Foxp3+ cell frequen-
cies (input) from WT and dKO mice (n 
= 5 per group). P values were calculated 
using unpaired 2-tailed Student’s t test or 
Mann-Whitney U test (A, C–E, and H) or 
paired 2-tailed Student’s t test (F). *P < 
0.05; **P < 0.01; ***P < 0.001.
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prompt us to consider the possibility that the adoptive transfer of 
Tregs expanded ex vivo, targeting the Nr4a/Batf axis, may hold 
therapeutic promise against MASH.

In conclusion, our study highlights a protective role of hepatic 
Tregs in MASH pathology and identifies the Nr4a family in T cells 
as a key driver in the context of MASH. Although T cell–specific 
deletion of all 3 Nr4a genes in mice led to impaired Treg popu-
lation in thymus and spleen (20), dKO mice did not show such a 
defect. Loss of Nr4a1 and Nr4a2 in Tregs rather promoted cell 
expansion and functions concomitant with high expression of 
Nr4a3, suggesting that Nr4a3 alone was sufficient for develop-
ment and maintenance of Tregs. Therefore, targeting the Nr4a 
family with moderate inhibitors might be a novel and an attractive 
strategy for mitigating liver inflammation in MASH via enhancing 
the immune-suppressive effects mediated by Tregs.

Methods
Sex as a biological variable. For the pathological analysis of liver tissues 
and serum, statistical comparisons were performed between groups 
with matched sexes, as sex differences have been observed, where-
as the findings are expected for both sexes. For cellular-level analy-
ses, sex was not considered, since no significant differences between 
males and females were observed at this level.

Animal studies. Nr4a1fl/flNr4a2fl/fl mice, which harbor floxed alleles 
for Nr4a1 and Nr4a2 (20, 62), were crossed with Cd4-Cre, CreERT2 (63), 
Foxp3eGFlP–CreERT2 (64), Cd4Cre-ERT2 (64), or E8i.Cd8Cre (Cd8-Cre) trans-
genic mice (65) to generate conditional Nr4a1- and Nr4a2-deficient mice. 
C57BL/6-Ly5.1 were obtained from RIKEN BRC. Nr4a3-EGFP mice, 
which express EGFP under the control of a bacterial artificial chromo-
somal Nr4a3 locus, were previously described (66). All mice were bred 
and maintained in a controlled temperature, humidity, and specific patho-
gen–free facility under a 12-hour dark/12-hour light cycle with free access 
to food and water. For MASH diet feeding, the mice were fed l-amino-de-
fined high (60 kcal%) fat diet with 0.1% methionine and no added choline 
(A06071302, Research Diet) ad libitum for the times indicated in the figure 
legends. To examine MASH pathology in Figure 1 and Figure 2 and Sup-
plemental Figures 1 and 2, age-matched (6- 8-week-old) male mice were 
used, unless otherwise stated in the figure legends. For the measurement 
of serum parameters, sera collected from female mice fed CD for 12 weeks 
were analyzed for indicated biochemical markers by Oriental Yeast Co. 
using standard protocols. Total cholesterol levels were determined using 
L-Type CHO M (Fujifilm), which measures combined LDL and HDL cho-
lesterol. For inducible Nr4a1 and Nr4a2 deletion in Tregs, we crossed Fox-
p3eGFlP–CreERT2 mice with Nr4a1fl/flNr4a2fl/fl mice. These mice were intraperi-
toneally injected with 1 mg of tamoxifen for 5 consecutive days, followed 
by a 7-day resting period after the last administration. Subsequently, the 
mice were fed CD for 8 weeks, with tamoxifen administered once every 2 
weeks during this period. To examine the effect of inducible depletion of 
Nr4a1 and Nr4a2 in T cells, Cd4Cre-ERT2 mice crossed with Nr4a1fl/flNr4a-
2fl/fl mice were subjected to 6 weeks of CD, followed by 1 mg of tamoxifen 
injection for 5 consecutive days. Mice were further fed CD for an addition-
al 6 weeks and then analyzed. For adaptive transfer experiments, recipient 
Rag2–/– mice (Jackson Laboratories) were fed CD for a week prior to CD4+ T 
cell transfer, received splenic CD4+ T cells (2 × 106) from either WT or dKO 
mice via retro-orbital injection, and then were fed CD for another 3 weeks. 
As shown in Supplemental Figure 5D, naive CD4+ T cells from WT mice 
were adaptively transferred into Rag2–/– mice fed either SD or CD.

dynamics of Tregs, involving not only a Treg-intrinsic mecha-
nism, but also through communication among distinct T cell pop-
ulations in the MASH liver.

Our investigation into the underlying mechanism revealed 
the involvement of the Nr4a/Batf axis in regulating Treg prolif-
eration and functions. Batf, a transcription factor belonging to 
the AP-1/ATF superfamily, is shown to be selectively expressed 
on skin and adipose tissue Tregs that have regenerative char-
acteristics (48). Nr4a2 transduction into Tregs suppressed Batf 
expression, whereas dKO Tregs exhibited stronger induction 
upon TCR stimulation, suggesting that the Nr4a family acts 
as a repressor of Batf, consistent with our previous study from 
TGF-β–induced Tregs in vitro (49). Although it has been demon-
strated that Batf controls CD8+ T cell expansion in tumor or 
chronic virus infection, the biological outcomes are likely con-
text dependent (50–54). Nonetheless, our findings demonstrat-
ed that overexpression of Nr4a2 or silencing of Batf reduced 
Treg proliferation in vitro and indicate that the Nr4a family lim-
its Treg proliferation through downregulating Batf expression. 
This Nr4a family–mediated circuit of Batf expression seems to 
be conserved in other cell types, as Nr4a1 and Nr4a3 restrained 
B cell response in the absence of costimulation through repres-
sion of Batf expression (55). Mice lacking Batf showed a reduc-
tion of tissue-infiltrating Tregs (22, 36, 56, 57), suggesting the 
requirement of Batf in tissue Treg development. An integrative 
transcriptome analysis demonstrated that Batf bound to loci 
of Ctla4, Tigit, and Il10, genes whose expression was elevated 
in hepatic dKO Tregs (36). Importantly, RNAi-mediated gene 
silencing of Batf in dKO Tregs reduced IL-10 production in 
vitro. Moreover, our trajectory analysis unveiled sustained high 
expression levels of these genes, along with Foxp3 throughout 
the pseudotime in dKO Tregs. While loss of Nr4a1/2 did not 
affect Foxp3 expression in cultured Tregs, our data imply that 
the Nr4a/Batf circuit may also be pivotal for tissue Treg devel-
opment and maintenance in vivo, particularly within an inflam-
matory environment.

It should be noted that there is a limitation in this study 
regarding its applicability to human MASH. Although previous 
studies demonstrated an increase in hepatic Tregs in humans 
with MASLD/MASH, similar to observations in mice (58, 59), 
the efficacy of Tregs in patients with MASLD/MASH has not yet 
been examined in a clinical setting. In mice, it has been shown 
that Tregs can positively or negatively control MASH progres-
sion, indicating dual antiinflammatory and profibrotic activities 
of hepatic Tregs during MASLD/MASH progression (15, 59, 60). 
We found an increase in Foxp3+ Tregs, which exert suppression 
of inflammation among CD4+ T helper cell subsets in the liver of 
MASH mice, consistent with previous reports (16, 17). We also 
discovered that dKO mice exhibited alleviated MASH pathology, 
as evidenced by reduced liver injury and fibrosis, accompanied 
by expanded hepatic Tregs compared with WT mice. Our find-
ings strongly suggest that hepatic Tregs may play a protective role 
against MASH through enhanced immunosuppressive capabil-
ity and cell proliferation. Although the therapeutic potential of 
Nr4a in human cancers has been recently discussed (61), there 
is currently insufficient evidence demonstrating the involvement 
of Nr4a receptors in MASH patients. Nonetheless, our findings 
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violet dye dilution was measured by flow cytometry. For cell cycle 
analysis, cultured Tregs were labeled with 5 μM Vybrant DyeCycle 
Violet stain (V35003, Invitrogen) and analyzed.

RNA-Seq. For bulk RNA-Seq, 3 independent biological repli-
cates were analyzed. Total RNA of hepatic CD4+ T cell sorted was 
extracted and libraries were generated using NEBNext Ultra II FS 
DNA Library Prep Kit (E7805, NEB). Single end sequencing was per-
formed by NovaSeq 6000 at the ImmunoGeneTeqs. RNA-Seq data 
were mapped against mouse genome mm10/GRCm39. Differential-
ly expressed genes in dKO cells relative to WT cells were defined as 
1.5-fold (upregulated) or 0.5-fold (downregulated) change with P 
value < 0.05, and log2 fold changes were shown on the volcano plot. 
For heatmap generation, transcripts per kilobase million (TPM) val-
ues were transformed into row-wise z scores. GSEA was performed 
using the Mouse MSigDB collection (68). For scRNA-Seq, hepatic 
CD4+ T cells were pooled from 2 individual male mice per group 
and loaded onto a 10X Genomics Chromium instrument to recover 
1 × 104 cells. Libraries were constructed using Chromium Next GEM 
Single Cell 5′ Reagent Kits, version 2 (CG000330, 10X Genomics), 
according to the manufacturer’s instructions and sequenced using 
NovaSeq 6000. Raw data from each sample were mapped using the 
Cell Ranger Multi Pipeline (10X Genomics) to the mm10 reference 
genome assembly and R package. Seurat was used to analyze data 
(31). Cells with more than 200 detected genes, less than 5% mito-
chondrial reads, and genes with transcripts detecting more than 3 
cells were used for analysis. The gene counts were log-normalized 
by Seurat function “NormalizeData” (scale factor 10000) and the 
top 2000 highly variable genes were identified by Seurat function 
“FindVariableFeatures”. Expression of variable genes was scaled, 
and each data set was integrated. Then PCA was performed by Seur-
at function “RunPCA” to reduce the dimensions of the data. Based 
on the ElbowPlot, 9 of the principal components were selected and 
used for unsupervised clustering analysis with resolution parameter 
of 0.1 by Seurat functions “FindNeighbors” and “FindClusters.” Cell 
clusters were visualized using UMAP and the identity of each clus-
ter gene was further assigned based on the canonical marker genes. 
Cell cycle assessment was performed using the CellCycleScoring in 
Surat, based on the G1, S, and G2/M phase marker expression in each 
cell in the indicated clusters. The analysis of differentiation trajecto-
ries was performed in Monocle3 using the SeuratWrapper package to 
convert the integrated Seurat object (69). For TCR repertoire analy-
sis, the ScRepertoire package was used to combine the contig data 
and analyze clonotypes (35). scTCR-Seq data were integrated with 
the Seurat object of the scRNA-Seq data.

Statistics. The data are presented as mean ± SEM. To assess the 
statistical significance, normal distribution of experimental groups 
was examined using the Shapiro-Wilk test. Statistical differences 
between 2 groups were determined by unpaired 2-tailed Student’s t 
test (with or without Welch’s collection), paired t test, or Mann-Whit-
ney U test. For comparisons of multiple groups, 1-way ANOVA or 
Kruskal-Wallis test was used. In post hoc analysis, P values were 
corrected by Tukey’s, Dunnett’sT3 multiple-comparison test, or 
controlling the FDR via the 2-stage linear step-up procedure of Ben-
jamini, Krieger, and Yekutieli. All statistical analysis was performed 
using GraphPad Prism, version 8.3.1 (GraphPad Software). Details of 
tests used for each analysis are described in the figure legends. We 
considered P < 0.05 to be significant.

Expression constructs, cell culture, and retroviral transduction. 
Naive CD4+ T cells were sorted and cultured as previously described 
(67). For Treg culture, splenic CD4+CD25hi cells were sorted and 
stimulated with plate-bound α-CD3 (3 μg/ml, 145-2C11, eBioscience) 
and α-CD28 (2 μg/ml, 37.51, eBioscience) antibodies for the indicat-
ed times in RPMI supplemented with 10% fetal bovine serum, 1 mM 
sodium pyruvate, 10 mM HEPES, 100 U/ml penicillin, 100 μg/ml 
streptomycin, 55 μM 2-mercaptoethanol, and 500 U/ml rhIL-2. For 
retrovirus-mediated gene transfer to T cells, the cDNAs encoding 
Batf were cloned into retroviral vector pMSCV-IRES-GFP (MIGR1, 
Addgene). To deplete expression of Batf, the oligonucleotides incor-
porating miR-30 microRNA sequence into the target sequence (pro-
vided in Supplemental Table 2) were cloned into retroviral vector 
pMSCV-LMP (Open Biosystems). Target sequence for firefly lucif-
erase used as control shRNA was described elsewhere (20). These 
retroviral vectors together with packaging plasmid pCL-ECO were 
transfected into PLAT-E cells using TransIT-LT1 transfection reagent 
(MIR2300, Mirus). After overnight incubation, medium was replaced 
with DMEM medium and culture supernatants containing retrovi-
ral particles were collected 48 hours after transfection. Retroviral 
supernatants were filtrated, supplemented with 8 μg/ml polybrene 
(TR-1003G, Millipore), and then used to spin infect the cells that pre-
viously activated with α-CD3 and α-CD28 antibodies. Spin infection 
was performed at 2,000 rpm for 60 minutes at 35°C. After 24 hours, 
cells were washed and rested in the presence of rhIL-2 for another 3 
days before restimulation. To induce Cre-ER–mediated recombina-
tion and conditionally delete Nr4a1 and Nr4a2 in Treg cells, sorted 
Tregs were stimulated with plate-bound α-CD3 and α-CD28 antibod-
ies in the presence of 500 nM 4-hydroxy-tamoxifen (4-OHT) culture 
medium for 2 days, then rested for 3 days without 4-OHT before 
restimulation. For assessment of cell proliferation, cells were labeled 
with 5 μM CTV dye (C34557, Invitrogen) and stimulated. After 3 days, 

Figure 7. Nr4a/Batf axis regulates Treg proliferation. (A) UMAP 
presentation showing Batf expression in assigned all clusters (left) and 
Treg_Foxp3 cluster (right) from WT and dKO CD4+ T cells in the liver of 
MASH mice. (B) Representative histograms normalized to mode for 
Batf expression in WT and dKO CD4+Foxp3+ T cells from 2 independent 
experiments. Sorted splenic CD4+ T cells were stimulated with plate-
bound α-CD3 antibodies for the indicated times. (C) Representative 
histograms normalized to mode for Batf expression in splenic Tregs 
transduced with an empty vector or a vector encoding Nr4a2 from 2 
independent experiments. Sorted Tregs were retrovirally transduced, 
rested, and then restimulated with α-CD3 and α-CD28 antibodies for 24 
hours. The cells were gated on GFP+CD4+ cells. (D) Representative CTV 
intensity histograms normalized to mode in splenic Tregs transduced 
with shRNA targeting Luciferase or Batf (left) and percentages of CTVlo 
(middle) and CTVhi (right) cells. After resting culture, the cells were 
labeled and restimulated with α-CD3 and α-CD28 antibodies for 3 days. 
The cells were gated on GFP+CD4+ cells (n = 8 per group). (E) Repre-
sentative CTV intensity histograms normalized to mode in splenic 
Tregs transduced with an empty vector or a vector encoding Batf (left) 
and percentages of CTVlo (middle) and CTVhi (right) cells. After resting 
culture, the cells were labeled and restimulated with α-CD3 and α-CD28 
antibodies for 3 days. The cells were gated on GFP+CD4+ cells (n = 5 
per group). (F) Representative CTV intensity histograms normalized to 
mode in WT and dKO splenic Tregs transduced with shRNA targeting 
Luciferase or Batf from 2 independent experiments. The cells were 
gated on GFP+CD4+ cells. P values were calculated using paired 2-tailed 
Student’s t test (D and E).
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Figure 8. The loss of Nr4a1 and Nr4a2 in T 
cell promotes Treg function. (A) Represen-
tative CTV intensity histograms normalized 
to mode in WT responder cells (left) and 
percentages of CTVlo (middle) and CTVhi 
(right) cells. Hepatic CD4+CD25+Tigit+ Tregs 
were sorted from WT and dKO mice fed CD 
for 8 weeks. CTV-labeled naive CD4+ T cells 
from the spleen of Ly5.1 mice were activat-
ed with Dynabeads Mouse T cell activator 
CD3/CD28 in the presence of sorted Tregs 
at a ratio of 5:1 (responder cells:Tregs). The 
cells were gated on CD45.1+CD4+ cells (n = 
6 per group) (B) Schematic representation 
of the experimental procedure of MASH 
induction mouse model with Treg-specific 
inducible deletion of Nr4a1 and Nr4a2. 
(C) Representative Sirius red staining of 
liver sections from female mice. Original 
magnification, ×10. Scale bars: 100 μm. 
Quantification of Sirius red staining area 
(%) per field (right) in MASH-induced WT 
and iFoxp3dKO mice (n = 4 female per 
group). (D–F) Representative flow cytom-
etry plots (left) and percentages (right) 
of macrophages (CD45+CD11bhiF4/80int) 
(D), Th17 cells (CD45+CD4+IL17a+) (E), and 
Tregs (CD45+CD4+Foxp3+) (F) in the liver of 
MASH-induced WT and iFoxp3dKO mice 
(n = 7 per group). (G) Representative flow 
cytometry plots (left) and percentages 
(right) of IL-10+ in dKO splenic Tregs trans-
duced with a shRNA targeting Luciferase 
or Batf. After resting culture, the cells were 
stimulated with PMA and ionomycin for 5 
hours in the presence of Golgi plug before 
staining IL-10. The cells were gated on 
GFP+CD4+ cells (n = 5 per group). P values 
were calculated using unpaired 2-tailed 
Student’s t test or Mann-Whitney U test  
(A and C–G). *P < 0.05; **P < 0.01.

https://doi.org/10.1172/JCI175305


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2024;134(23):e175305  https://doi.org/10.1172/JCI175305

Kaori Yanai for manuscript preparation. We are grateful to Yuki 
Kagoya’s lab (Keio University) for assistance with flow cytom-
etry analysis. We are thankful to Nao Nagai for helpful discus-
sion. This work was supported by grants from Japan Society for 
the Promotion of Science (JSPS) AKENHI 23K06587, 19K07629, 
the SENSHIN Medical Research Foundation, the Takeda Sci-
ence Foundation, and Keio Gijuku Academic Developmen-
tal Funds (to DA) and JSPS KAKENHI 21H05044, 22K1944, 
23K06723, 23H04785, 21H02719, 22H05064, AMED-CREST 
JP23gm1110009, AMED-Moonshot JP23zf0127003 AMED-
PRIME 22gm6210012, JP21gm6210025, the Chemo-Sero-Ther-
apeutic Research Institute, the Takeda Science Foundation, the 
Uehara Memorial Foundation, and Keio Gijuku Academic Devel-
opmental Funds (to AY).

Address correspondence to: Daisuke Aki, Department of Intracta-
ble Disorders, Institute of Advanced Medicine, Wakayama Med-
ical University, 811-1 Kimiidera, Wakayama, 641-8509, Japan. 
Phone: 81.73.441.0841; daki611@wakayama-med.ac.jp.

Study approval. All animal procedures in this study were approved by 
the Animal Ethics Committee of Keio University (Japan) and were per-
formed in accordance with the Animal Ethics Committee’s guidelines.

Data availability. The RNA-Seq, scRNA-Seq, and scTCR-Seq data 
sets were deposited in the NCBI’s Gene Expression Omnibus database 
(GEO GSE241515 and GSE241657). Values for all data points in graphs 
are reported in the Supporting Data Values file.

Author contributions
DA conceived and designed the research, conducted the experi-
ments, analyzed the data, and wrote the manuscript. TH analyzed 
the scRNA Seq data. TS provided the reagents and performed the 
experiments. SS and MI provided the reagents and acquired the 
RNA-Seq data. SIS and SMO contributed resources. AY conceived 
and designed the research and edited the manuscript.

Acknowledgments
We would like to thank Noriko Yumoto, Yasuko Hirata, and Yuki-
ko Tokifuji (Keio University) for providing technical support, and 

	 1.	Younossi Z, et al. Global perspectives on nonalco-
holic fatty liver disease and nonalcoholic steato-
hepatitis. Hepatology. 2019;69(6):2672–2682.

	 2.	Friedman SL, et al. Mechanisms of NAFLD devel-
opment and therapeutic strategies. Nat Med. 
2018;24(7):908–922.

	 3.	Loomba R, et al. Mechanisms and disease conse-
quences of nonalcoholic fatty liver disease. Cell. 
2021;184(10):2537–2564.

	 4.	Adams LA, et al. Non-alcoholic fatty liver dis-
ease and its relationship with cardiovascular 
disease and other extrahepatic diseases. Gut. 
2017;66(6):1138–1153.

	 5.	Eslam M, et al. MAFLD: a consensus-driven 
proposed nomenclature for metabolic asso-
ciated fatty liver disease. Gastroenterology. 
2020;158(7):1999–2014.

	 6.	Huby T, Gautier EL. Immune cell-mediated 
features of non-alcoholic steatohepatitis. Nat Rev 
Immunol. 2022;22(7):429–443.

	 7.	Remmerie A, et al. Osteopontin expression iden-
tifies a subset of recruited macrophages distinct 
from kupffer cells in the fatty liver. Immunity. 
2020;53(3):641–657.

	 8.	Tran S, et al. Impaired kupffer cell self-renew-
al alters the liver response to lipid overload 
during non-alcoholic steatohepatitis. Immunity. 
2020;53(3):627–640.

	 9.	Xiong X, et al. Landscape of intercellular cross-
talk in healthy and NASH liver revealed by 
single-cell secretome gene analysis. Mol Cell. 
2019;75(3):644–660.

	 10.	Sutti S, Albano E. Adaptive immunity: an emerg-
ing player in the progression of NAFLD. Nat Rev 
Gastroenterol Hepatol. 2020;17(2):81–92.

	 11.	Peiseler M, et al. Immune mechanisms linking 
metabolic injury to inflammation and fibro-
sis in fatty liver disease - novel insights into 
cellular communication circuits. J Hepatol. 
2022;77(4):1136–1160.

	 12.	Dudek M, et al. Auto-aggressive CXCR6+ CD8 
T cells cause liver immune pathology in NASH. 
Nature. 2021;592(7854):444–449.

	 13.	Pfister D, et al. NASH limits anti-tumour surveil-

lance in immunotherapy-treated HCC. Nature. 
2021;592(7854):450–456.

	 14.	Ma C, et al. NAFLD causes selective CD4(+) T 
lymphocyte loss and promotes hepatocarcino-
genesis. Nature. 2016;531(7593):253–257.

	 15.	Ma X, et al. A high-fat diet and regulatory T cells 
influence susceptibility to endotoxin-induced 
liver injury. Hepatology. 2007;46(5):1519–1529.

	 16.	Wang H, et al. Regulatory T-cell and neutrophil 
extracellular trap interaction contributes to car-
cinogenesis in non-alcoholic steatohepatitis. J 
Hepatol. 2021;75(6):1271–1283.

	 17.	Dywicki J, et al. The detrimental role of regulato-
ry T cells in nonalcoholic steatohepatitis. Hepatol 
Commun. 2022;6(2):320–333.

	 18.	Munoz-Rojas AR, Mathis D. Tissue regulatory T 
cells: regulatory chameleons. Nat Rev Immunol. 
2021;21(9):597–611.

	 19.	Sekiya T, et al. The nuclear orphan receptor 
Nr4a2 induces Foxp3 and regulates differentia-
tion of CD4+ T cells. Nat Commun. 2011;2:269.

	20.	Sekiya T, et al. Nr4a receptors are essential 
for thymic regulatory T cell development 
and immune homeostasis. Nat Immunol. 
2013;14(3):230–237.

	 21.	Pei L, et al. NR4A orphan nuclear receptors are 
transcriptional regulators of hepatic glucose 
metabolism. Nat Med. 2006;12(9):1048–1055.

	22.	Hayatsu N, et al. Analyses of a mutant Foxp3 
allele reveal BATF as a critical transcription 
factor in the differentiation and accumula-
tion of tissue regulatory T cells. Immunity. 
2017;47(2):268–283.

	23.	Matsumoto M, et al. An improved mouse 
model that rapidly develops fibrosis in 
non-alcoholic steatohepatitis. Int J Exp Pathol. 
2013;94(2):93–103.

	24.	Tacke F, Zimmermann HW. Macrophage het-
erogeneity in liver injury and fibrosis. J Hepatol. 
2014;60(5):1090–1096.

	 25.	Lee S, et al. Myeloid FoxO1 depletion atten-
uates hepatic inflammation and prevents 
nonalcoholic steatohepatitis. J Clin Invest. 
2022;132(14):e154333.

	26.	Du W, et al. WNT signaling in the tumor 
microenvironment promotes immunosuppres-
sion in murine pancreatic cancer. J Exp Med. 
2023;220(1):e20220503.

	 27.	Lu G, et al. Myeloid cell-derived inducible nitric 
oxide synthase suppresses M1 macrophage polar-
ization. Nat Commun. 2015;6:6676.

	28.	Bhatt S, et al. All-trans retinoic acid induces argi-
nase-1 and inducible nitric oxide synthase-pro-
ducing dendritic cells with T cell inhibitory func-
tion. J Immunol. 2014;192(11):5098–5108.

	 29.	Gavin MA, et al. Foxp3-dependent programme 
of regulatory T-cell differentiation. Nature. 
2007;445(7129):771–775.

	30.	Zheng Y, et al. Genome-wide analysis of Foxp3 
target genes in developing and mature regulatory 
T cells. Nature. 2007;445(7130):936–940.

	 31.	Butler A, et al. Integrating single-cell transcriptom-
ic data across different conditions, technologies, 
and species. Nat Biotechnol. 2018;36(5):411–420.

	 32.	Bhatt D, et al. STARTRAC analyses of scRNA-
seq data from tumor models reveal T cell 
dynamics and therapeutic targets. J Exp Med. 
2021;218(6):e20201329.

	 33.	Joller N, et al. Treg cells expressing the coin-
hibitory molecule TIGIT selectively inhibit 
proinflammatory Th1 and Th17 cell responses. 
Immunity. 2014;40(4):569–581.

	34.	Burzyn D, et al. A special population of regu-
latory T cells potentiates muscle repair. Cell. 
2013;155(6):1282–1295.

	 35.	Borcherding N, et al. scRepertoire: An R-based 
toolkit for single-cell immune receptor analysis. 
F1000Res. 2020;9:47.

	 36.	Itahashi K, et al. BATF epigenetically and tran-
scriptionally controls the activation program of 
regulatory T cells in human tumors. Sci Immunol. 
2022;7(76):eabk0957.

	 37.	Loft A, et al. Liver-fibrosis-activated transcrip-
tional networks govern hepatocyte reprogram-
ming and intra-hepatic communication. Cell 
Metab. 2021;33(8):1685–1700.

	 38.	Ramachandran P, et al. Differential Ly-6C 
expression identifies the recruited macrophage 

https://doi.org/10.1172/JCI175305
mailto://daki611@wakayama-med.ac.jp
https://www.jci.org/articles/view/175305#sd
https://doi.org/10.1002/hep.30251
https://doi.org/10.1002/hep.30251
https://doi.org/10.1002/hep.30251
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1136/gutjnl-2017-313884
https://doi.org/10.1136/gutjnl-2017-313884
https://doi.org/10.1136/gutjnl-2017-313884
https://doi.org/10.1136/gutjnl-2017-313884
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1038/s41577-021-00639-3
https://doi.org/10.1038/s41577-021-00639-3
https://doi.org/10.1038/s41577-021-00639-3
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1038/s41575-019-0210-2
https://doi.org/10.1038/s41575-019-0210-2
https://doi.org/10.1038/s41575-019-0210-2
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-021-03362-0
https://doi.org/10.1038/s41586-021-03362-0
https://doi.org/10.1038/s41586-021-03362-0
https://doi.org/10.1038/nature16969
https://doi.org/10.1038/nature16969
https://doi.org/10.1038/nature16969
https://doi.org/10.1002/hep.21823
https://doi.org/10.1002/hep.21823
https://doi.org/10.1002/hep.21823
https://doi.org/10.1016/j.jhep.2021.07.032
https://doi.org/10.1016/j.jhep.2021.07.032
https://doi.org/10.1016/j.jhep.2021.07.032
https://doi.org/10.1016/j.jhep.2021.07.032
https://doi.org/10.1002/hep4.1807
https://doi.org/10.1002/hep4.1807
https://doi.org/10.1002/hep4.1807
https://doi.org/10.1038/s41577-021-00519-w
https://doi.org/10.1038/s41577-021-00519-w
https://doi.org/10.1038/s41577-021-00519-w
https://doi.org/10.1038/ncomms1272
https://doi.org/10.1038/ncomms1272
https://doi.org/10.1038/ncomms1272
https://doi.org/10.1038/ni.2520
https://doi.org/10.1038/ni.2520
https://doi.org/10.1038/ni.2520
https://doi.org/10.1038/ni.2520
https://doi.org/10.1038/nm1471
https://doi.org/10.1038/nm1471
https://doi.org/10.1038/nm1471
https://doi.org/10.1016/j.immuni.2017.07.008
https://doi.org/10.1016/j.immuni.2017.07.008
https://doi.org/10.1016/j.immuni.2017.07.008
https://doi.org/10.1016/j.immuni.2017.07.008
https://doi.org/10.1016/j.immuni.2017.07.008
https://doi.org/10.1111/iep.12008
https://doi.org/10.1111/iep.12008
https://doi.org/10.1111/iep.12008
https://doi.org/10.1111/iep.12008
https://doi.org/10.1016/j.jhep.2013.12.025
https://doi.org/10.1016/j.jhep.2013.12.025
https://doi.org/10.1016/j.jhep.2013.12.025
https://doi.org/10.1172/JCI154333
https://doi.org/10.1172/JCI154333
https://doi.org/10.1172/JCI154333
https://doi.org/10.1172/JCI154333
https://doi.org/10.1084/jem.20220503
https://doi.org/10.1084/jem.20220503
https://doi.org/10.1084/jem.20220503
https://doi.org/10.1084/jem.20220503
https://doi.org/10.1038/ncomms7676
https://doi.org/10.1038/ncomms7676
https://doi.org/10.1038/ncomms7676
https://doi.org/10.4049/jimmunol.1303073
https://doi.org/10.4049/jimmunol.1303073
https://doi.org/10.4049/jimmunol.1303073
https://doi.org/10.4049/jimmunol.1303073
https://doi.org/10.1038/nature05543
https://doi.org/10.1038/nature05543
https://doi.org/10.1038/nature05543
https://doi.org/10.1038/nature05563
https://doi.org/10.1038/nature05563
https://doi.org/10.1038/nature05563
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1084/jem.20201329
https://doi.org/10.1084/jem.20201329
https://doi.org/10.1084/jem.20201329
https://doi.org/10.1084/jem.20201329
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.12688/f1000research.22139.1
https://doi.org/10.12688/f1000research.22139.1
https://doi.org/10.12688/f1000research.22139.1
https://doi.org/10.1126/sciimmunol.abk0957
https://doi.org/10.1126/sciimmunol.abk0957
https://doi.org/10.1126/sciimmunol.abk0957
https://doi.org/10.1126/sciimmunol.abk0957
https://doi.org/10.1016/j.cmet.2021.06.005
https://doi.org/10.1016/j.cmet.2021.06.005
https://doi.org/10.1016/j.cmet.2021.06.005
https://doi.org/10.1016/j.cmet.2021.06.005
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(23):e175305  https://doi.org/10.1172/JCI1753051 8

phenotype, which orchestrates the regression of 
murine liver fibrosis. Proc Natl Acad Sci U S A. 
2012;109(46):E3186–E3195.

	 39.	Proto JD, et al. Regulatory T cells promote macro-
phage efferocytosis during inflammation resolu-
tion. Immunity. 2018;49(4):666–667.

	40.	Rau M, et al. Progression from nonalcoholic fatty 
liver to nonalcoholic steatohepatitis is marked by 
a higher frequency of Th17 cells in the liver and 
an increased Th17/resting regulatory T cell ratio 
in peripheral blood and in the liver. J Immunol. 
2016;196(1):97–105.

	 41.	Moreno-Fernandez ME, et al. PKM2-dependent 
metabolic skewing of hepatic Th17 cells regulates 
pathogenesis of non-alcoholic fatty liver disease. 
Cell Metab. 2021;33(6):1187–1204.

	42.	Giles DA, et al. Regulation of inflammation by 
IL-17A and IL-17F modulates non-alcoholic 
fatty liver disease pathogenesis. PLoS One. 
2016;11(2):e0149783.

	 43.	Tang Y, et al. Interleukin-17 exacerbates hepatic ste-
atosis and inflammation in non-alcoholic fatty liver 
disease. Clin Exp Immunol. 2011;166(2):281–290.

	44.	Zemmour D, et al. Single-cell gene expression 
reveals a landscape of regulatory T cell phe-
notypes shaped by the TCR. Nat Immunol. 
2018;19(3):291–301.

	45.	Josefowicz SZ, et al. Regulatory T cells: mecha-
nisms of differentiation and function. Annu Rev 
Immunol. 2012;30:531–564.

	46.	Kasmani MY, et al. Clonal lineage tracing 
reveals mechanisms skewing CD8+ T cell 
fate decisions in chronic infection. J Exp Med. 
2023;220(1):e20220679.

	 47.	Cai Y, et al. Single-cell immune profiling reveals 
functional diversity of T cells in tuberculous pleu-
ral effusion. J Exp Med. 2022;219(3):e20211777.

	48.	Delacher M, et al. Single-cell chromatin acces-
sibility landscape identifies tissue repair pro-
gram in human regulatory T cells. Immunity. 

2021;54(4):702–720.
	49.	Sekiya T, et al. Regulation of peripheral Th/Treg 

differentiation and suppression of airway inflam-
mation by Nr4a transcription factors. iScience. 
2021;24(3):102166.

	50.	Seo H, et al. BATF and IRF4 cooperate to counter 
exhaustion in tumor-infiltrating CAR T cells. Nat 
Immunol. 2021;22(8):983–995.

	 51.	Wei J, et al. Targeting REGNASE-1 programs 
long-lived effector T cells for cancer therapy. 
Nature. 2019;576(7787):471–476.

	 52.	Xin G, et al. A Critical Role of IL-21-induced 
BATF in sustaining CD8-T-cell-mediated chronic 
viral control. Cell Rep. 2015;13(6):1118–1124.

	 53.	Man K, et al. Transcription factor IRF4 promotes 
CD8+ T cell exhaustion and limits the devel-
opment of memory-like T cells during chronic 
infection. Immunity. 2017;47(6):1129–1141.

	54.	Quigley M, et al. Transcriptional analysis of 
HIV-specific CD8+ T cells shows that PD-1 inhib-
its T cell function by upregulating BATF. Nat 
Med. 2010;16(10):1147–1151.

	 55.	Tan C, et al. NR4A nuclear receptors restrain 
B cell responses to antigen when second 
signals are absent or limiting. Nat Immunol. 
2020;21(10):1267–1279.

	56.	Xu C, et al. BATF regulates T regulatory cell func-
tional specification and fitness of triglyceride 
metabolism in restraining allergic responses. J 
Immunol. 2021;206(9):2088–2100.

	 57.	Vasanthakumar A, et al. The transcriptional 
regulators IRF4, BATF and IL-33 orchestrate 
development and maintenance of adipose tis-
sue-resident regulatory T cells. Nat Immunol. 
2015;16(3):276–285.

	 58.	Soderberg C, et al. Microvesicular fat, inter cel-
lular adhesion molecule-1 and regulatory T-lym-
phocytes are of importance for the inflammatory 
process in livers with non-alcoholic steatohepati-
tis. APMIS. 2011;119(7):412–420.

	 59.	Savage TM, et al. Amphiregulin from regulatory 
T cells promotes liver fibrosis and insulin resis-
tance in non-alcoholic steatohepatitis. Immunity. 
2024;57(2):303–318.

	60.	Ilan Y, et al. Induction of regulatory T cells 
decreases adipose inflammation and alleviates 
insulin resistance in ob/ob mice. Proc Natl Acad 
Sci U S A. 2010;107(21):9765–9770.

	 61.	Deng S, et al. Therapeutic potential of NR4A1 
in cancer: Focus on metabolism. Front Oncol. 
2022;12:972984.

	62.	Kadkhodaei B, et al. Nurr1 is required for mainte-
nance of maturing and adult midbrain dopamine 
neurons. J Neurosci. 2009;29(50):15923–15932.

	 63.	Seibler J, et al. Rapid generation of induc-
ible mouse mutants. Nucleic Acids Res. 
2003;31(4):e12.

	64.	Yoshimatsu Y, et al. Aryl hydrocarbon receptor 
signals in epithelial cells govern the recruitment 
and location of Helios(+) Tregs in the gut. Cell 
Rep. 2022;39(6):110773.

	65.	Maekawa Y, et al. Notch2 integrates signaling 
by the transcription factors RBP-J and CREB1 
to promote T cell cytotoxicity. Nat Immunol. 
2008;9(10):1140–1147.

	66.	Sekiya T, et al. Nr4a receptors regulate develop-
ment and death of labile Treg precursors to pre-
vent generation of pathogenic self-reactive cells. 
Cell Rep. 2018;24(6):1627–1638.

	 67.	Aki D, et al. The E3 ligases Itch and WWP2 coop-
erate to limit T(H)2 differentiation by enhanc-
ing signaling through the TCR. Nat Immunol. 
2018;19(7):766–775.

	68.	Subramanian A, et al. Gene set enrichment analy-
sis: a knowledge-based approach for interpreting 
genome-wide expression profiles. Proc Natl Acad 
Sci U S A. 2005;102(43):15545–15550.

	69.	Cao J, et al. The single-cell transcriptional land-
scape of mammalian organogenesis. Nature. 
2019;566(7745):496–502.

https://doi.org/10.1172/JCI175305
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1111/j.1365-2249.2011.04471.x
https://doi.org/10.1111/j.1365-2249.2011.04471.x
https://doi.org/10.1111/j.1365-2249.2011.04471.x
https://doi.org/10.1038/s41590-018-0051-0
https://doi.org/10.1038/s41590-018-0051-0
https://doi.org/10.1038/s41590-018-0051-0
https://doi.org/10.1038/s41590-018-0051-0
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1084/jem.20220679
https://doi.org/10.1084/jem.20220679
https://doi.org/10.1084/jem.20220679
https://doi.org/10.1084/jem.20220679
https://doi.org/10.1084/jem.20211777
https://doi.org/10.1084/jem.20211777
https://doi.org/10.1084/jem.20211777
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.1016/j.isci.2021.102166
https://doi.org/10.1016/j.isci.2021.102166
https://doi.org/10.1016/j.isci.2021.102166
https://doi.org/10.1016/j.isci.2021.102166
https://doi.org/10.1038/s41590-021-00964-8
https://doi.org/10.1038/s41590-021-00964-8
https://doi.org/10.1038/s41590-021-00964-8
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1016/j.celrep.2015.09.069
https://doi.org/10.1016/j.celrep.2015.09.069
https://doi.org/10.1016/j.celrep.2015.09.069
https://doi.org/10.1016/j.immuni.2017.11.021
https://doi.org/10.1016/j.immuni.2017.11.021
https://doi.org/10.1016/j.immuni.2017.11.021
https://doi.org/10.1016/j.immuni.2017.11.021
https://doi.org/10.1038/nm.2232
https://doi.org/10.1038/nm.2232
https://doi.org/10.1038/nm.2232
https://doi.org/10.1038/nm.2232
https://doi.org/10.1038/s41590-020-0765-7
https://doi.org/10.1038/s41590-020-0765-7
https://doi.org/10.1038/s41590-020-0765-7
https://doi.org/10.1038/s41590-020-0765-7
https://doi.org/10.4049/jimmunol.2001184
https://doi.org/10.4049/jimmunol.2001184
https://doi.org/10.4049/jimmunol.2001184
https://doi.org/10.4049/jimmunol.2001184
https://doi.org/10.1038/ni.3085
https://doi.org/10.1038/ni.3085
https://doi.org/10.1038/ni.3085
https://doi.org/10.1038/ni.3085
https://doi.org/10.1038/ni.3085
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.3389/fonc.2022.972984
https://doi.org/10.3389/fonc.2022.972984
https://doi.org/10.3389/fonc.2022.972984
https://doi.org/10.1523/JNEUROSCI.3910-09.2009
https://doi.org/10.1523/JNEUROSCI.3910-09.2009
https://doi.org/10.1523/JNEUROSCI.3910-09.2009
https://doi.org/10.1093/nar/gng012
https://doi.org/10.1093/nar/gng012
https://doi.org/10.1093/nar/gng012
https://doi.org/10.1016/j.celrep.2022.110773
https://doi.org/10.1016/j.celrep.2022.110773
https://doi.org/10.1016/j.celrep.2022.110773
https://doi.org/10.1016/j.celrep.2022.110773
https://doi.org/10.1038/ni.1649
https://doi.org/10.1038/ni.1649
https://doi.org/10.1038/ni.1649
https://doi.org/10.1038/ni.1649
https://doi.org/10.1016/j.celrep.2018.07.008
https://doi.org/10.1016/j.celrep.2018.07.008
https://doi.org/10.1016/j.celrep.2018.07.008
https://doi.org/10.1016/j.celrep.2018.07.008
https://doi.org/10.1038/s41590-018-0137-8
https://doi.org/10.1038/s41590-018-0137-8
https://doi.org/10.1038/s41590-018-0137-8
https://doi.org/10.1038/s41590-018-0137-8
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1038/s41586-019-0969-x

